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Changes in membrane surfaces of collecting duct cells in potas-
sium adaptation. Chronic potassium loading results in an in-
creased capacity of the distal nephron to secrete potassium. The
cellular mechanism for this adaptation has been correlated to an
increase in the activity of sodium-potassium-ATPase. Because
adaptation may be dependent on the greater availability of potas-
sium pumps in the basolateral membrane, a stereologic analysis
of the membrane surface area was performed to determine
whether the apparent increase in pump sites was due to an in-
crease in cell membrane surface. With potassium adaptation, the
number of microplicated cells in the outer medulla was reduced
from 31 to 18%. There was a marked increase in the basolateral
infolding of principal cells, and membrane surface increased by
32%. In papillary collecting duct cells, the basolateral membrane
surface was unchanged but the surface density of the luminal
membrane increased by 50%. These observations suggest that
amplification of the basolateral cell membrane to increase the
number of potassium pump sites per cell plays an important role
in the mechanism of potassium adaptation in the outer medulla.
A different mechanism involving the luminal membrane operates
in the papillary collecting duct. Structural alterations in cell
membrane surfaces are thus related to the regulation of the epi-
thelial transport of electrolytes.
Modifications des surfaces des membranes cellulaires du canal
collecteur dans l'adaptation au potassium. La charge chronique
de potassium a pour consequence une augmentation de Ia capa-
cite du néphron distal de sécréter du potassium. Le mécanisme
cellulaire de cette adaptation a été corrélé a une augmenta-
tion de l'activité de Ia sodium-potassium-ATPase. Puisque
l'adaptation peut dépendre d'une plus grande disponibilité des
pompes a potassium dans Ia membrane baso-latérale, une ana-
lyse stéréologique de Ia surface membranaire a été réalisée pour
determiner si l'augmentation des sites de pompage est due a une
augmentation de Ia surface de Ia membrane cellulaire. Avec
l'adaptation au potassium, les cellules micropliées de Ia médul-
laire externe ont diminué de 31 a 18%. Il y avait une augmenta-
tion importante des invaginations basolatérales des cellules prin-
cipales et al surface membranaire a augmenté de 32%. Dans les
cellules du canal collecteur papillaire Ia surface membranaire
basolatérale était inchangée mais Ia densité de surface de Ia
membrane luminale était augmentée de 50%. Ces observations
suggèrent que l'augmentation des membranes cellulaires baso-
latérales, qui auginente le nombre de sites de pompage par eel-
lule, joue un role important dans Ic mécanisme d'adaptation au
potassium dans Ia médullaire externe. Un mécanisme different,
qui intéresse la membrane luminale, opère dans Ic canal collec-
teur papillaire. Les modifications de structure des surfaces des
membranes cellulaires sont ainsi Iiées a la regulation du trans-
port épithélial des electrolytes.
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Chronic potassium loading results in an increased
capacity of distal nephron cells to secrete potassium
into tubular fluid [1, 2]. This process is due to an
intrinsic cellular change, for elevated rates of excre-
tion and secretion are reported during in vitro per-
fusion of kidneys [3] and tubular segments [4], re-
spectively, obtained from potassium-loaded ani-
mals. Tubular transport sites involved in renal
adaptation have been shown to include the distal tu-
bule [1], cortical collecting duct [4], and in recent
studies potassium adaptation was demonstrated in
the medullary collecting duct [5]. Absolute secre-
tion of potassium by the medullary collecting duct
was twofold greater in animals on a high potassium
diet than it was in controls during infusion of potas-
sium salts.
The cellular mechanism responsible for potas-
sium adaptation appears to correlate with an in-
crease in the activity of sodium-potassium-ATPase
(Na-K-ATPase) in outer medullary cells of the kid-
ney [6, 7] and in mucosal cells of potassium-adapted
colon [8]. It seems likely, therefore, that potassium
adaptation is dependent, at least in part, on the
greater availability of potassium pumps in basolateral
cell membrane. Previous studies, however, did not
distinguish between a proportional change in the area
of basolateral membrane with a change in cellular
Na-K-ATPase activity and a change in density
pump sites in the basolateral cell membrane. The
present study was performed to determine whether
the increase in Na-K-ATPase in the medullary col-
lecting duct after chronic potassium loading corre-
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lated with an amplification of the basolateral cell
membrane.
Methods
Adult male Sprague-Dawley rats (Portage Farms,
Portage, Michigan), each weighing between 200 and
300 g, were allowed free access to food and tap wa-
ter at all times and were divided into two groups.
Control animals were fed normal Purina rat chow,
which contained 0.24 mEq of potassium and 0.17
mEq of sodium per gram. The experimental group
was given the same food, with potassium chloride
added to provide an additional 1.75 mEq of potas-
sium per gram. Each group was fed approximately
20 g/day of their respective diets for 14 days prior to
study. The animals were anesthetized with mactin
(80 mg/kg of body wt). A midline abdominal incision
was performed, the abdominal aorta isolated, and
the animal perfused with fixative by retrograde per-
fusion [9] (method 1 of Maunsbach).
Due to the increase in tissue osmolality between
outer and inner portions of the renal medulla, fixa-
tion solutions of different compositions were used
for the outer medulla and the papilla. Fixation was
considered as acceptable when the tubular lumina
were patent and the cytologic architecture was
comparable to previous studies in the rat in which
there was no disruption of basement membrane or
extrusion of cell material, and a normal appearance
of mitochondria and nuclei was observed [10].
The exact composition of the fixation solutions
for the outer medulla was as follows: (I) The saline
rinse solution contained 0.6 M sodium chloride in
3% dextran T40. (2) The perfusion solution was a
modified Karnovsky's fixative [11] containing 4%
paraforrnaldehyde, 5% gluteraldehyde, diluted in a
1:3 ratio with 0.1 M sodium acodylate buffer. Os-
molality was adjusted by the addition of 0.4 M so-
dium chloride with 3% dextran T40 (800 mOsm). (3)
The fixation solution was undiluted Karnovsky's
fixative in 0.43 M sodium chloride. (4) The wash
buffer contained 0.1 M sodium cacodylate and 0.41
M sodium chloride. In the papilla, the composition
of solutions was: (1) A saline rinse solution contain-
ing 1 M sodium chloride in 3% dextran T40. (2) A
perfusion solution containing modified Karnovsky's
fixative (as above) in a solution of 0.9 M sodium
chloride with 3% dextran T40 (1800 mOsm). (3) A
fixation solution of undiluted Karnovsky's fixative
in 0.9 M sodium chloride. (4) A wash buffer contain-
ing 0.10 M sodium cacodylate and 0.9 M sodium
chloride.
Following rapid perfusion for 30 sec to remove
blood with the saline rinse, 200 ml of perfusion solu-
tion was run through the vascular system at a physi-
ologic pressure. Kidneys were then removed and
sectioned sagitally through the hilus. Several longi-
tudinal sections extending from the surface of cor-
tex to papillary tip were removed and immersed in
fixative for 1 to 3 hours. Subsequently, each section
was rinsed with buffer in five successive washings.
Tissue was then postfixed with s-Collidine buf-
fered 1.33% osmium tetroxide, washed in 0.10 M s-
Collidine buffer, stained in block with uranyl ace-
tate-oxylate [12], washed in graded ethanols, and
embedded in Epon. To evaluate the tubules of the
outer medulla, we stained a longitudinal 1-/LM thick
section with toluidine blue-Azure II and examined it
by light microscopy to locate the corticomedullaryjunction. Each block was then trimmed from the
medullary side to approximately 2 mm of the corti-
comedullary junction. The block was subsequently
remounted so that cross-sections of the tubules
could be obtained. Similar procedures were used to
study the collecting duct 1 mm from the papillary
tip. An ultramicrotome (LKB Cambridge-Huxley)
was used to obtain ultrathin sections. These sec-
tions were stained with uranyl acetate and lead cit-
rate for examination with a Zeiss EM lOB electron
microscope. Whole, round, and elliptical cross-sec-
tions of collecting ducts where the ratio of the great-
est to least outer duct diameter was less than 1,5 (a
ratio of 1.0 indicates a true transverse section) were
photographed at two different magnifications: (a)
low magnification of X2100 to X3000 printed to a
final magnification of X7500 to visualize the whole
cross-section of a tubule and (b) high magnification
of X6500 to x 10,440 printed to a final magnification
of X 16,000 to include 50% of a tubule cross-section
with at least three adjacent cells with luminal and
basolateral membranes completely visualized.
Statistical design and morphometric technique.
To reduce the influence of interanimal variation, we
devised the experiment to provide approximately
the same degrees of freedom for the number of ani-
mals, the number of tubules examined from outer
medulla and papillary areas of each kidney, and the
number of high-power pictures obtained per tubule.
In the present study, six control and six experimen-
tal animals were used to examine the outer medulla,
and five control and six experimental animals were
used to study the papillary collecting duct. Five
blocks were chosen in each animal, from which two
to four low-power electron micrographs, each con-
taining a complete tubule, and four to six high-pow-
er electron micrographs per block were obtained for
stereologic analysis. To reduce observer bias, all
animals, blocks, and micrographs were coded, and
the code was opened only after final calculations
were made.
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The technique of morphometry to measure
length, area, and volume of cell dimensions and or-
ganelles from photomicrographs has been described
[13] and recently applied to the study of renal tu-
bules [14, 15]. Briefly, a transparent overlay marked
with a grid pattern of thin perpendicular and parallel
lines of known length, and distance of separation is
fixed to each photograph. The length of random ob-
ject lines is proportional to the number of inter-
sections between the profiles of those lines and grid
lines, and area is proportional to the number of in-
tersections of grid lines falling within the profile. In
practice the object to be measured was magnified in
photographs so that the entire parameter to be mea-
sured was contained with sufficient clarity to deline-
ate the parameter that was studied. For example, in
the present study low power was used to measure
tubular basement membrane, luminal membrane,
and cell volume, and high magnification was re-
quired to determine the profiles of cell membrane
and cell volume.
The validity of the morphometric techniques used
depends on randomness of the object, and because
only cross-sections of a tubule were used for mea-
surement, the randomness and circular geometry
were tested as described by Welling and Welling
[14, 15]. To enhance the randomness of intersec-
tions of profiles with the test grid, as well as to
optimize the statistical analysis, we made counts
with the grid oriented at three angles of —19°, 00,
and +19°. Data from all photographs in each block
were averaged. At low magnification, the total num-
ber of intersections per block averaged 500 to 1000,
and the cell point count averaged 600 to 1400, thus
reducing the counting error to 2.5 to 5.0% [13]. At
high magnification, the total number of inter-
sections with cell membranes per block were 400 to
1400, and cell point counts were 400 to 1700. All
counting was perlbrmed by two observers who had
an internal consistency of 2.5% and consistency be-
tween each other of 4%.
In the present study the following determinations
were made: (a) Number of cells per tubule cross-
section. (b) The length (L) of the tubular basement
membrane and luminal cell membrane per tubule
cross-section, respectively, estimated at low magni-
fication as
_IT C lOOOL-2 2 d M
X (C counted at 3 angles)
where C is the number of intersections of the test
grid, d is the distance separating the test lines, and
M is the magnification of the photograph. (c) The
length of basolateral membrane per tubule cross-
section, estimated at high magnification, was
ir C 1000L =
-i-. d x x 2
The multiplication by 2 accounts for the two faces
of the intercellular channels. (d) The average cross-
section area (A) per cell, estimated at low and high
magnification, as
(1000)2A = p . d2 X M2
where P is the number of test points in the area mea-
sured. Because on low magnification P was deter-
mined at three angles, the value of total point
counts divided by 3 represents the average P. (e)
The surface density (Sv) for luminal membrane and
basolateral membrane was estimated at high magni-
fication, and for the basement membrane at low
magnification as
CM 2Sv = 1000. . d
Because the intersection of test line with an inter-
cellular channel actually crosses two membranes,
Sv for basolateral membrane is multiplied by 2 to
account for the lateral cell walls of the adjacent
cells. (J) The density of basolateral membrane sur-
face to a unit of basement membrane surface, Ss,
was determined by dividing Sv of the basolateral
membrane by the Sv of the tubular basement mem-
brane or by dividing the length of the total basola-
teral membrane by the length of tubular basement
membrane.
Data were evaluated by Student's t test and are
expressed as the means SEM.
Results
Collecting duct cells in outer medulla. Represen-
tative electron micographs of collecting duct cells in
outer medulla from control animals are shown in
Fig. 1, and illustrate the two major types of cells,
principal (PC) and intercalated cells (IC), found in
that portion of the nephron.
The principal cell is the most numerous cell type
in the collecting duct. They are also called light cells
because they stain lightly by light microscopy
stains. These cells have a relative paucity of cyto-
plasmic organelles and a relatively smooth luminal
plasma membrane. Mitochondria are evenly distrib-
uted, and the nucleus is generally central in loca-
tion. The basolateral membrane is complex with
many infoldings, particularly in the lateral mem-
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Fig. 1. Electron micrograph of outer medullary collecting duct from a control animal demonstrating two cell types: the principal cell (PC)
and the intercalated cell (IC). The intercalated cell demonstrates tall well-developed microplicae and numerous mitochondria scattered
throughout the cytoplasm. The principal cell has a relatively simple luminal surface with short, stubby microvilli and fewer mitochondria.
The basolateral interdigitations are relatively simple. (x7800).
branes. In contrast, the intercalated cells or dark
cells take up stains more avidly, have numerous
cytoplasmic organelles, many mitochondria, and
prominent apical cytoplasmic vesicles. The luminal
plasma membrane demonstrates elongated micro-
plicae, whereas the basolateral membrane is less in-
tricate than that of the principal cells. It should be
noted that in some studies the criteria for dif-
ferentiating the two cell types has been somewhat
ambiguous and that some cells appear to be inter-
mediate in form [16, 17]. In addition, these studies
have suggested that although the total number of in-
tercalated and principal cells remain constant,
changes in the luminal surface of intercalated cells
occur in some conditions characterized by altera-
tions in electrolyte balance [18]. For the purpose of
this study, only cells with prominent microplicae
and numerous mitochondria were included as inter-
calated cells.
As shown in Table 1, there was no change in the
total number of cells found in cross-sections of indi-
vidual tubules after potassium loading. The number
of microplicated intercalated cells, however, was
reduced significantly in potassium-loaded animals
from the control value of 31% to 18%. Although the
cell area of principal cells was statistically similar in
Table 1. Cell dimension in outer medulla of controls and potassium-loaded animalsa
Total cells
Cel
PC
1 area
IC
Ss
BLMITBM
--
Sv Sv
LMIPC LMJICBLM/cell BLMJPC BLM/IC
Group per tubule % IC p' 2/2 2//L3 2/3
Control 10.8 30.6
(32)
48.0
(30)
64.9
(30)
5.69
(84)
2.06
(84)
2.31
(30)
2.41
(30)
0.26
(84)
0.62'
(30)
Experimental 10.3 17.6
(40)
53.1
(25)
49.1
(27)
8.29
(104)
2.65
(103)
3.04
(25)
2.37'
(27)
0.26
(108)
056b
(27)
P value NS <0.001 NS <0.005 <0.005 <0.05 <0.005 NS NS NS
Values are the means SEM, and the number in parentheses represents the number of tubules studied. The following abbreviations
are used: PC, principal cell; IC, microplicated intercalated cell; BLM, basolateral cell membrane; TBM, tubular basement membrane;
LM, luminal cell membrane. Ss is basement membrane surface, and Sv is surface density (see Methods).
Normalized for change in cell volume as reflected by change in area
-I. I
-pc
'V
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Fig. 2. Electron micrograph of outer medullary collecting duct from a potassium-adapted animal demonstrating both ce/I types. The
basolateral membrane of the principal cells is much more complex, reflecting the increase in area measured with stereologic techniques.
No specific change of the basolateral membranes of the intercalated cell is seen. The luminal microplicae are less prominent, as reflected
in the stereologic measurements. (x7800)
both groups and averaged approximately 50 j.t2, the
area of microplicated intercalated cells was signifi-
cantly decreased by potassium loading from a con-
trol value of 65 to 49 2 (P < 0.005).
In experimental animals, the basolateral surface
was more complex, and the surface-to-volume ratio
was increased compared with control, as shown in
Fig. 2. Stereologic analysis of the two cell types,
shown in Table 1, demonstrated a 32% increase in
the concentration of basolateral cell membrane
(SvBLM) in principal cells of potassium-loaded ani-
mals, from 2.31 0.16 to 3.04 0.10 2/t3 (P <
0.005). An apparent 19% increase in SVBLM of micro-
plicated intercalated cells from experimental ani-
mals was found. When SVBLM of microplicated inter-
calated cells from potassium-loaded animals was
corrected, however, for the observed decrease in
cell volume of the microplicated intercalated cells,
there was no statistical difference in SVBLM between
control and experimental values. The average SvBLM
in intercalated cells was 2.41 0.11 in controls and
2.37 0.14 /.L2/3 in potassium-loaded animals (P =
NS).
Because rates of water and electrolyte movement
in tubular segments are often computed on the basis
of tubular basement membrane (TBM) area or tubu-
lar length, the area of BLM was also computed in
relationship to the area of TBM (SSBLM/TBM). Ampli-
fication of the basolateral membrane, due to in-
folding, increased the area of the basolateral cell
membrane by a factor of nearly six with respect to
area of TBM in control animals. The marked in-
crease in area of BLM in potassium-loaded animals
resulted in an amplification of approximately eight-
fold.
In contrast to the changes in SvBLM of principal
cells observed between control and experimental
animals, the concentration of luminal cell mem-
brane (SvLM) was not influenced by potassium load-
ing. SvLM average 0.26 0.02 in controls and 0.26
0.01 in the experimental group (P = NS). In micro-
plicated intercalated cells, SVLM was not statistically
different between groups when differences in cell
volume were accounted for.
Collecting duct cells in papilla. Figure 3 demon-
strates representative cells in the papillary portion
of the collecting duct from control and potassium-
loaded animals. As previously reported, the papil-
lary collecting ducts appear to have only one type of
cell, and those cells resemble the principal cell of
the outer medullary collecting duct with an un-
complicated luminal membrane supporting short
stubby microvilli. The cytoplasm contains even few-
er organelles, and mitochondria are relatively rare.
Nuclei are generally basally oriented, and the ba-
solateral interdigitations appear simpler than those
seen more proximally. Some cells have dense cyto-
plasmic bodies of lysosomes. In the present study,
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ed animals. The surface density (Sv) of the luminal
surface, however, increased by 50% (P < 0.01). On
inspection of the electron micrographs, the increase
in luminal surface appeared to be predominantly the
result of elongation of the microvilli.
Discussion
Fig. 3. Electron micrograph of papillary collecting duct cells
from A control and B potassium-adapted animals. No change in
the basolateral surface is present. The luminal microvilli of the
potassium-adapted animals are elongated, reflecting the increase
in luminal surface area measured with stereologic techniques.
(x7800)
the tubules appeared collapsed with marked irregu-
larity of the tubular basement membrane, and the
intercellular spaces were generally more dilated
than in the outer medulla.
Data obtained from stereologic analysis of papil-
lary duct cells are shown in Table 2. Approximately
10 cells were present in cross-section of that neph-
ron segment, and cell area averaged 44 2 in both
groups of animals. In contrast to the effect of potas-
sium loading on basolateral cell membrane concen-
tration of principal cells in outer medulla, there was
no statistical difference in SVBLM of papillary collect-
ing duct cells between control and potassium-load-
The present study was performed to evaluate the
effect of chronic potassium loading on cell structure
in the medullary collecting duct, for previous stud-
ies have demonstrated that the capacity for acceler-
ated rates of potassium excretion in potassium-
loaded animals was dependent on an increase in
Na-K-ATPase activity in the outer medulla [6, 7].
Moreover, in recent studies, using the microcathe-
terization technique, Schon and Hayslett [5] dem-
onstrated that the absolute rate of potassium secre-
tion in the medullary collecting duct was twice the
control rate in animals fed a potassium-enriched
diet, in the absence of an increase in net sodium
reabsorption.
Stereologic analysis of medullary collecting duct
cells showed that adaptation of outer medullary
cells to increase the capacity for potassium secre-
tion correlated with two major morphologic
changes. These included a decrease in the number
of microplicated intercalated cells, and an increase
in density of basolateral cell membrane in principal
cells. Similar structural changes were not observed
in papillary collecting duct cells of experimental an-
imals.
In potassium-loaded animals, the number of mi-
croplicated cells in tubular cross-sections from the
outer medulla fell from 31 to 18%. In addition, the
microplicated cells were reduced in volume, as in-
dicated by the decrease in cell area from 65 to 49 .r2.
Because a reduction in volume could reduce the fre-
quency of this cell type on random cross-sections,
this change can be interpreted as reflecting a de-
crease in the number of cells with prominent micro-
plicae only if the cells occupy the same area of base-
ment membrane. Because the circumference of the
tubule did not change and there was no change in
the area of principal cells or in the total number of
cells per cross-section, the change in volume of mi-
croplicated cells appeared to result predominantly
from a loss of cell height. The proportion of base-
ment membrane occupied by each cell remained
constant, making it unlikely that a decrease in num-
ber of cell profiles per tubule cross-section could be
attributed solely to the decrease in cell volume.
Thus, the decrease in the number of microplicated
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Table 2. Cell dimensions in papilla of controland potassium-loaded animalsa
Group
Total cells
per tubule
Area per cell SSBLM/TBM2/3 SVBLMp2/p3 SVLMj2Ij3
Control (45) 11.4 0.67 44.82 2.88 5.61 0.24 1.91 0.09 0.20 0.02
Experimental (95) 9.49 0.40 43.67 2.07 5.00 0.28 1.81 0.08 0.30 0.02
P value NS NS NS NS 0.01
a Values are means SEM, and the number in parentheses represents the number of tubules studied. See Table I for meaning of
abbreviations.
cells in cross-section seems to reflect a true de-
crease in their actual number.
Changes in the population of intercalated or dark
cells have been previously reported to occur in a
variety of altered electrolyte states by several dif-
ferent groups. In chronic potassium loading, Huser
et al [19] reported that there was a decrease in the
number of dark cells in both the cortical and medul-
lary collecting duct. Hansen, usher, and Robinson
[20] presented contrary findings, demonstrating no
significant change in the population of dark cells in
animals with acidosis, alkalosis, chronic hypoka-
lemia, and chronic potassium loading. Although the
apparent discrepancy between laboratories may be
related to differences in techniques or criteria used
to identify dark cells, recent work by Stetson,
Wade, and Giebisch [18] suggests another possi-
bility. In chronic potassium deficiency, Stetson et al
demonstrated that although the frequency of inter-
calated cells identified by transmission electron mi-
croscopic criteria remained constant, the luminal
membrane surface area of intercalated cells in-
creased nearly fourfold and there was an increase in
the number of intercalated cells characterized by a
high density of rod shaped particles in the luminal
membrane. These data, therefore, suggest that al-
though there is a constant population of intercalated
cells, the luminal membrane morphology may be al-
tered to suit particular physiologic conditions, and
that increased potassium reabsorption is accom-
panied by an increase in the luminal surface area of
intercalated cells.
In the context of these previous reports, the ob-
served decrease of microplicated cells in the pres-
ent study is interpreted as most probably represent-
ing a change in the luminal surface morphology of
intercalated cells rather than a true decrease in the
number of intercalated cells. No attempt was made
to separately identify and count intercalated cells
that did not have microplicae. Cells considered to
be an intermediate form of intercalated cell, with a
relatively smooth luminal surface, subapical vesi-
des, and numerous mitochondria, were observed,
however. The decrease in the population of inter-
calated cells with microplicae associated with in-
creased potassium secretion of potassium-adapted
animals thus appears to represent the converse of
the observation reported by Stetson et al [18] in po-
tassium depletion and further supports the concept
that the intercalated cell may have a significant role
in potassium reabsorption in the collecting duct.
These observations are also consistent with the
concept favored by Hansen et al [20], that principal
cells and intercalated cells are two distinct cell
types. Whereas luminal surface morphology of in-
tercalated cells may change in different physiologic
states, this is not the result of a conversion of one
cell type to another.
The second major finding in this study was the
dramatic amplification of the basolateral cell mem-
brane that was restricted to principal cells in outer
medulla of experimental animals. Because the
structural change in the principal cell did not in-
volve a change in cell volume or amplication of lu-
minal membrane, this observation suggests that the
cellular mechanism for potassium adaptation in-
volves an increase in number of potassium pump
sites at the site of cell entry of potassium, through
an amplification of cell membrane. This morpholog-
ic correlate of potassium adaptation in outer medul-
lary collecting duct has also recently been demon-
strated in other epithelia in the mammal with the
capacity for potassium secretion. Wade et al [21]
have reported a dramatic increase in basolateral
membrane infolding in the principal cells, but not in
intercalated cells, of the rabbit cortical collecting
duct after chronic treatment with deoxycorticoste-
rone acetate, a procedure that stimulates potassium
secretion in that nephron segment. In addition, a
similar increase in area of basolateral cell mem-
brane has been demonstrated in our laboratory in
adapted colonic mucosal cells of potassium-loaded
animals [22]. In both cortical collecting duct and co-
lon, the rise in potassium secretion in experimental
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animals has been dissociated from a concurrent in-
crease in sodium absorption.
The importance of the papillary portion of the
collecting duct in functional adaptation after chron-
ic potassium loading and renal insufficiency has
been emphasized previously [3, 7]. In these studies,
surgical ablation of the papillary tip abolished the
increased excretion of potassium normally ob-
served in these conditions. Recent work by Schon
and Hayslett [5], as well as that of Bengele, McNa-
mara, and Alexander [23], has added more direct
evidence to support the concept that the papillary
portion, as well as more proximal segments of the
medullary collecting duct, participates in potassium
adaptation. The absence of an increase in density of
basolateral membrane surface in the papillary col-
lecting duct cells suggests that potassium secretion
in that portion of the collecting duct may involve a
different mechanism than in cortical and outer med-
ullary portions of collecting duct.
Recent work has postulated that an active potas-
sium pump on the luminal membrane surface could
account for the high transepithelial electrochemical
gradient for potassium in the papillary collecting
duct [24]. The increase in luminal membrane sur-
face area of the papillary collecting duct cells ob-
served in this study with potassium adaptation is in
agreement with this concept. The change in mem-
brane surface may correspond to more pump sites,
as was suggested for the basolateral membrane of
the medullary collecting duct cells, or an increase in
surface available for diffusional exchange. Such a
role for the luminal membrane appears to operate in
mouse parietal cells where a marked increase in lu-
minal surface area has been associated with in-
creased gastric acid secretion [25].
Although more work is needed to determine how
widely variations in cell membrane surface area are
used by mammalian epithelial cells to modulate
chronic tranport rates of electrolytes, previous re-
ports have indicated parallel changes in basolateral
membrane surface area and sodium transport in
lower vertebrates. For example, a marked increase
in basolateral membrane area has been reported in
renal tubules of the euryhaline teleost Gasterosteus
aculeata during adaptation from fresh to sea water,
and corresponds to increased reabsorption of so-
dium and water [26]. Although Na-K-ATPase activ-
ity was not measured in renal tissue of Gasterosteus
aculeata during its adaptive migratory activity,
marked increases in renal Na-K-ATPase activity
occurs in Fundulus heteroclitus under the same
condition [27]. Further, nasal glands of marine
birds, which play a major role in modulating sodium
balance, undergo an increase in Na-K-ATPase ac-
tivity and basolateral cell membrane concentration
when sodium secretion is chronically increased
[28].
Taken together with observations made in mam-
malian colon and cortical collecting duct, the pres-
ent observations in medullary collecting duct there-
fore suggest that the principal cell is involved in po-
tassium secretion in collecting duct, and that
amplification of the basolateral cell membrane to in-
crease the number of potassium pump sites per cell
plays an important role in the mechanism of potas-
sium adaptation. Moreover, these observations sug-
gest that structural alterations in cell membrane sur-
face area may subserve a hitherto unappreciated
role in the mammal for regulating epithelial trans-
port of electrolytes.
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